Abstract: Cardiometabolic diseases are among the most prevalent and harmful conditions worldwide. They are complex, comorbid conditions that require polypharmacy -a known contributor to non-adherence in cardiovascular disease (CVD) and diabetes mellitus (DM). Suboptimal adherence is associated with poor disease control, which increases the risk of hospitalizations, mortality, and preventable financial implications. However, until recently, the lack of a gold standard for non-adherence testing in cardiometabolic diseases has been the major barrier for understanding true prevalence and mortality consequences. Recent European guidelines have endorsed biochemical testing as the preferred measure for non-adherence in CVD, with urinary screening methods being the most clinically widespread. The diagnostic and therapeutic benefits incurred to health service resources by use of biochemical non-adherence testing are vast, as hospitalizations and associated economic burdens are reduced, and tailored therapies are increased. However, biochemical testing can only signify a snap shot of adherence behavior, and true adherence may be skewed by pharmacokinetic factors. This review summarizes current literature regarding the prevalence, impact, and reasons of non-adherence in cardiometabolic disease. The benefits of current adherence diagnostic tools have been appraised, where urine in biochemical testing has been focused upon and evaluated against other matrices.
Introduction
Cardiometabolic diseases encompass metabolically linked conditions such as cardiovascular disease (CVD) and diabetes mellitus (DM). The epidemiology of these diseases is multifactorial and is influenced by environmental socioeconomics, lifestyle, and genetic factors. 1 Polypharmacy is commonplace in people with cardiometabolic diseases as medications are largely diverse to tailor specific groups, 2 and among other reasons (Figure 1 ), it is a key contributor to non-adherence.
Adherence to a treatment regime has been defined by a WHO report as the extent to which a patient's history of therapeutic medication-taking coincides with the prescribed treatment regimen, and the failure to do so is termed as non-adherence. 3 Strong emphasis was made in the WHO report to differentiate adherence from compliance and concordance, as they imply that patients are not active in their own care.
Non-adherence in cardiometabolic disease is commonplace, despite the wide availability of treatment, and is also a key factor in poor clinical outcomes such as hospitalization and mortality. 4, 5 A UK-based study found non-adherence to be a main contributor in the annual cost of post-discharge medication harm (£396 million) as 90% of these costs were the result of hospital readmissions. 6 Improving antidiabetic suggested that increasing the efficacy of adherence interventions could have a far larger effect on population health than any enhancement of specific treatments. It is therefore imperative to address non-adherence. Studies have demonstrated the benefits of tailored interventions for non-adherence. The key obstacle for overcoming non-adherence is the current lack of suitable and accurate diagnostic tools. 9 Current subjective methods for assessing adherence have negative bias and often overreport the number of ingested medications. 10 Biochemical testing for non-adherence is a promising objective methodology that can decipher whether a patient has ingested the prescribed medication. Its use has been exemplified in urine for clinical diagnosis of resistant hypertension; 11 however, these methods are traditionally expensive, lengthy, and largely unavailable.
The primary aim of performing this review was to explore the benefits of current adherence diagnostic tools, with a focus on urinary biochemical testing. This review has also sought to condense current literature regarding the prevalence, impact, and reasoning of non-adherence in CVD and DM.
Non-adherence in CVDs and DM
Mortality rates in CVDs increased by 14.5% between 2006 and 2016 and are the current leading cause of death worldwide. 12 The WHO considers CVD, along with DM, as high priority non-communicable diseases. Approximately 422 million adults were afflicted with DM in 2014, with the global diagnosed population almost doubling since 1980 (4.7%-8.5% in 2014), 13 and recent projections estimate that 693 million adults will have DM by 2045.
14 In 2012, DM was the 8th leading cause of mortality with 1.5 million people dying from disease complications including kidney failure, stroke, and heart attack. 15 Persons with DM have a 1.7-fold higher risk of CVD-attributed death. 16 Evidently, CVD and DM are highly prevalent and have high associated morbidity, and so achieving good adherence in the population is essential. 
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Causes of non-adherence
Forgetfulness, lack of physician communication, drug intolerance, and polypharmacy are all known contributors to non-adherence ( Figure 1) . 17 A holistic approach is needed to overcome barriers for good adherence, yet, it has been estimated that in 40% of the consultations, physicians and health care professionals do not address adherence. 10 Physicians often lack time to assess non-adherence, but the lack of an available, effective measure has also been a hurdle.
The misconceptions that patients have toward their treatments are suggested to be a key factor for non-adherence. Most of the cardiometabolic diseases are asymptomatic, and so treatment education has an important role to play for downplaying perceived wellness. Poor health education can lead to negative patient beliefs too. A cohort of Swedish stroke patients found that those with positive beliefs about their medicines were less likely to be non-adherent. 18 Furthermore, an ischemic heart disease study found that patients with high beliefs in the harmful treatment repercussions revealed the predictors of non-adherence. 19 Medication class can also affect non-adherence rates. Statins, an extensively prescribed group of drugs that reduce lipid synthesis by 3-hydroxy-3-methylglutaryl-CoA (HMGCoA) reductase inhibition, have been shown to have higher non-adherence rates compared to other medications ( Figure 2 ). In one study, non-adherence was 21% for statins versus 8% for glucose-lowering drugs. 20 The degree to which a patient experiences side effects may explain these differences. Researchers found that 62% of people stop taking statins following side effects; 21 however, patients could learn that many symptoms (eg, statin-associated muscle symptoms) are completely reversible through dose reduction and cessation. Proprotein convertase subtilisin/kexin type 9 inhibitors (PCSK9i) are a new class of protein-based drugs that reduce low-density lipoprotein cholesterol. 22 One study comparing non-adherence of PCSK9i and statins found adherence rates to be 79.4% and 30.9%, respectively. 23 Similarly, a study investigating drug safety and adherence found that 87% of the patients (N=27/31) indicated good adherence for PCSK9i using a self-report questionnaire form. 24 However, the power of both studies was low due to the small population sizes investigated. These adherences may be better in PCKS9i as they cause less myalgia side effects, and they are only injected once every 2 weeks rather than daily.
Polypharmacy and non-adherence
An important cause of non-adherence is polypharmacy, which is the result of multimorbidity and therapy resistance. Multimorbidity is defined as the presence of 2 or more chronic medical diseases, like those in cardiometabolic disease. 25 A recent comprehensive UK-based study of 403,985 patients found multimorbidity in 27.2% of the population, and those patients accounted for 78.4% of total prescriptions. 26 The coexistence of these diseases typically complicates management, and the resultant polypharmacy can burden patients with an elevated risk of non-adherence, mental health difficulties, and adverse drug events. 27 One systematic review found that 80% of the studies (N=4/5) had negative associations between polypharmacy and adherence. 28 Another study found that non-adherence 
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The European Society of Cardiology (ESC) and European Society of Hypertension (ESH) 2018 guidelines recommend the favoring of polypills when prescribing as they reduce polypharmacy and increase adherence. 2 However, these medications tend to be expensive. For example, the expired patents for simvastatin and ezetimibe have resulted in the generic drugs costing £0.55 and £2.94, respectively, per month per patent. 30, 31 In comparison, Vytorin (combination of simvastatin and ezetimibe) retails at the cost of £33.42 per month per patient as a patented formulation. 32 
Non-adherence prevalence
A meta-analysis exploring CVD and antidiabetic medications found relatively high good adherence for the latter drug class at 69% (95% CI: 59-78), with good adherence being defined as $80% of the pharmacy refill rates in all medications. 33 CVD medications mostly had lower adherence rates, with statins and antihypertensives (AHs) at 54% and 58%, respectively. However, rates were calculated after incorporating only 2 studies for antidiabetic non-adherence versus 12 studies for the other CVD drugs due to the lack of available literature.
Research broadly agrees that non-adherence is common in people with DM; however, studies presenting non-adherence prevalence generally have inconsistent findings (38%-93% poor adherence). 34 This inconsistency is also found when considering medication persistence (adherence over time), with a systematic review presenting rates between 41 and 81% over six studies. 35 These variations can be mostly attributed to fluctuating definitions and methods used to diagnose adherence. Cohort size is another contributor here, as demonstrated in Figure 2 whereby DM medications have relatively high adherence compared to other studies. Regardless, there are still a significant proportion of people not taking their medications in DM.
Non-adherence outcomes
A retrospective study of 2,463 patients with type 2 DM (T2DM) found that the non-adherent patients (35%) were 2.6-fold more likely to be hospitalized. 36 Other studies have demonstrated these hospitalization rates, ranging from 1.3-fold to 2.5-fold in poorly adherent T2DM pateints. 37, 38 Mortality consequences in T2DM from non-adherence have been investigated by Currie et al who found an HR of 1.58 (95% CI: 1.17-2.14) for patients who had poor adherence. 39 Another study reflected these findings and showed that poorly adherent T2DM patients were 45% more to reach all-cause mortality versus adherent patients. 40 Despite these data, a recent meta-analysis concluded that there were limited trials that have adequately investigated outcomes related to poor adherence in T2DM. 5 In contrast, non-adherence-related mortality and morbidity risks in CVDs are better researched than in DM. Nonadherence rates as high as 58% have been reported from a recent meta-analysis of 376,162 patients. 41 In their review of large primary trials, Kolandaivelu et al studied the repercussions of not following treatment sufficiently in CVD and found an increased likelihood of adverse consequences. 42 They concluded that CVD non-adherence is currently at a pandemic level and is a leading risk factor for poor outcomes. The same study found that even after hospital admission for myocardial infarction, only 66% of the patients were adherent. This finding is not novel as other groups have found similar medication discontinuation after CVD events (11.5% non-adherence after 1-year). 43 Figure 3 demonstrates the mortality risk of non-adherence in people on AHs. These data were compiled from a large cohort (N=34,716) of a randomized selection of the Korean population over 8 years. 44 For each CVD event, worsening adherence increased the HR and mortality risk. The study concluded that all-cause mortality and CVD were inversely related to superior AH adherence.
Diagnostic tools for non-adherence
The accuracy, robustness, and sensitivity of various diagnostic approaches used to assess non-adherence are discussed in this section. Subjective methods are based on a health care provider or patient evaluations and hence are generally simplistic, inexpensive, and quick. They are proxy measures that are inherently subjective as the evaluation depends on the reporter's mannerisms and self-belief. These methods have traditionally been the most widespread and implemented adherence assessments. 45 Objective methodologies are based less on perception and can indirectly or directly assess adherence. Pill counting and reviewing pharmacy records are indirect objective tools that are used to infer patients' adherence. Digital pills and biochemical testing are direct assessments that provide robust data as to whether a medication has been ingested. The two approaches for adherence testing are used dependent on circumstance and both come with benefits and drawbacks ( 
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Subjective versus objective measures
Hess et al 46 reported that the most commonly utilized tests for non-adherence diagnoses are comparable as they determine similar rates. However, physician perception on true adherence has been described as "no better than a coin toss". A study found less than 50% of the patients were correctly identified as being non-adherent when using these measures. 47 Self-reports are more accurate than a physician's perception and are generally adaptations of the common Morisky scale. 48 They can give information about a patients' reasoning for their non-adherence behavior, which is impossible by objective methods alone. 49 However, self-reports are exposed to biases that can overestimate adherence by 10%-20%. 50 Furthermore, patients with low literacy or psychological ailments may have issues with completing a self-report and is therefore not a robust metric.
The National Institute for Health and Care Excellence (NICE) reported that the major barrier for improving adherence was the lack of a robust, objective tool for real-world diagnosis.
51 Indirect objective methods can give detailed information about adherence patterns through time. Yet, they cannot provide concrete evidence regarding the ingestion of the medication.
Direct objective approaches can provide definitive answers to ingestion, although digital pills and observed therapy are limitedly available, expensive, and potentially dangerous. On the contrary, biochemical testing through the detection of physiological markers, parent drug, or drug metabolite in bodily fluids has become increasingly used as they by-pass patient intrusion while accurately determining the ingestion of the treatment. The 2018 ESC/ESH guidelines have endorsed biochemical testing as the preferred nonadherence test because they are among the most accurate methods. 2 
Matrices for biochemical testing
Most body matrices could be used for assessing adherence, with urine and blood being the current standard in CVD. 2 Despite the lack of standardization, a large proportion of methods have been developed for urinary analysis by screening drugs qualitatively (present/not present), and to a lesser extent, quantitatively (measurement of exact concentrations). 11, 29, [52] [53] [54] One developed screen has a vast library for CVD medication detection by liquid chromatography tandem mass spectrometry (LC-MS/MS). It is capable of identifying 40 of the most commonly prescribed medications for comprehensive urinary adherence testing, 11 and the technique is arguably the least invasive of the body matrices available for analysis. A simple sample preparation is required prior to analysis, and the process from collection to result is robust and efficient. 55 Blood and its derivatives have been used to determine and quantify cardiovascular drug levels in circulating blood post-dose. 56 Unlike urine, these methods allow the detection of drugs that are extensively metabolized or have a low urinary excretion. Traditionally, the main drawback for blood-based matrices was the large volume of blood (5-10 mL) that is collected for routine toxicology testing. Nevertheless, methods have been validated for large libraries of cardiometabolic drugs. For example, one method was capable of detecting 55 drugs. 57 Bernieh et al 58 developed and successfully validated a novel adherence quantitation method for the determination of 10 cardiovascular drugs from dried blood spots (DBS), which used significantly less blood volume than earlier methods (20 µL total). The researchers have since optimized their method, coupling the specialized use of microsampling devices with DBS analysis to bypass hematocrit problems previously experienced. 59 Volumetric absorptive microsampling was used to collect very precise and accurate volumes of blood (10-20 µL), which could allow samples to be selfcollected for routine adherence testing. This technique is highly promising, but the main drawback is the small amount of drugs currently targeted (N=4). With further development, a large targeted library may be possible for application in cardiometabolic diseases. Akin to practices in forensic toxicology, hair analysis for non-adherence testing is possible. To date, no study has explored hair for adherence testing in cardiometabolic diseases, but a method for COPD medications (eg, formoterol and salmeterol) has been developed. 60 The authors of this novel method stated that it could provide a record of historical adherence, overcoming a major issue for single spot-urine and blood samples. Hair collection is not routine in clinical visits and could be considered intrusive by nature as head collection leaves a small bald spot on the posterior vertex region of the scalp.
An emerging concept for adherence testing is the biochemical analysis of breath condensates, whereby exhaled breath can monitor biomarkers of endogenous or endogenous compounds. 61 The matrix is simple and non-invasive, where sample collection is straightforward and analysis could be done on-site at the time of sample collection. 62 Near-patient testing is the gold standard researchers should aspire to investigate, as it drastically reduces the time to gauge adherence so that patients can derive a quicker therapeutic benefit.
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Screening urine for non-adherence testing
Urine is a common choice of matrix as its characteristics have been previously validated to assess its appropriateness. For example, cardiometabolic drug stabilities have been shown to be mostly uncompromised within the urine at room temperature over 3 days. 63 This is an important consideration for testing centers that receive samples by mail, as transport is cheaper and sample collection can occur in a wider radius from a testing hub. More patients can therefore gain therapeutic benefits using established urinary-based techniques.
Physicians can confidently discuss the best option for non-adherent patients in a tailored manner using the existing urine screens. A follow-up study of hypertension patients explored the use of biochemical analysis of urine for adherence and found that by the final clinical visit for initially nonadherent patients (N=73), the ratio of detected to prescribed AH drugs increased from 0.33 to 1.00 after intervention. 64 This coincided with a significant mean decrease in systolic and diastolic blood pressures of 19.5 and 7.5 mmHg, respectively, showing an efficacious procedure for symptom control. This approach, therefore, has high therapeutic potential for application in other cardiometabolic diseases, although a long-term study is required to gauge persistence and relapses to tailored therapies.
established testing centers
The need for biochemical adherence testing has driven the development of centers with suitable analyzers that provide the service to the health care industry. For example, the National Centre for Adherence Drug Testing (NCAT), based in the UK, offers an extensive urinary screen for .60 medications by LC-MS/MS (Table 2) . Analyzers available for non-adherence screening differ greatly and are chosen dependent on the availability, cost, and suitability.
LC-MS/MS is widely used for chemical analysis of varying matrices due to having a high sensitivity and a diverse range of applications. 65 LC-MS/MS separates molecules by chemical affinity to either stationary phase or mobile phase. Molecules are then ionized and fragmented to create predictable daughter ion masses that are indicative of parent ions. With the ability to simultaneously detect fragmentation transitions using multiple reaction monitoring, the analyzer can identify multiple drugs, which is ideal for screening. 
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Future testing centers will likely incorporate this technology as LC-MS/MS has fast become the gold standard for small molecule detection because of their high sensitivity, throughput, and simple sample preparation. 66 
Limitations of biochemical screening for adherence
Currently, the use of analyzers like an LC-MS/MS for biochemical non-adherence is not widespread. Biochemical testing is often thought of as expensive due to the initial cost of investing in highly sensitive analytical instruments, which can cost upwards of $300,000. The requirement of skilled laboratory workers is also a limitation in its widespread use.
A hub and spoke model has been envisaged for this type of adherence testing, allowing the use of specialized equipment in a few centers to span across a country to further reduce the cost. 57 In addition, health economic models have shown biochemical testing to be cost-efficient, as the higher accuracy of these devices can better identify non-adherence and reduce unnecessary investigations and treatments. 67 Adherence is not a static construct and is known to vary over time due to numerous determinates. Indeed, a screen assay represents metabolites and parent drugs of consumed medication, with the result signifying the end product of behavior at a given moment. Hence, the snapshot works adequately as a screening tool; however, there is presently no data about its correlation with long-term non-adherence or cardiovascular outcomes.
A quantification assay could provide more information about dosing behavior and could better identify test manipulation (eg, "tooth brush effect", the increased adherence prior to a clinic visit). 68 These assays may be better suited as concentrations could provide information relating to when the dose was ingested. However, they require complex sample preparation and analysis procedures and require extensive validation. Quantifications have been developed, yet in DM, there are few used for non-adherence. 69 A meta-analysis explains the reasoning for this as it found no guidelines regarding the use of biochemical testing for DM adherence, and hence no standard has been set for assay developement. 5 Limitations of urine as a matrix Non-adherence found using biochemical testing is dependent on the pharmacokinetics of medications, such as half-life, bioavailability, and urinary excretion. The different chemical structures between medications lead to unique dispositions within the body and diverse elimination routes. Differences between drug pharmacokinetic parameters can therefore be stark, as shown between amlodipine and metformin that have half-lives of 39 and 1.7 hours, respectively. 70 It is probable that drugs with extreme half-lives may appear non-adherent when in reality they have been ingested outside of the screens detectable window. This has been previously highlighted by Hamdidouche et al who noted the potential risk of variable drug pharmacokinetics in causing false-negatives in urinary screens. 71 However, to date, no study has extensively evaluated the effect of pharmacokinetics on adherence in these assays.
Urine is a suitable matrix for detecting exogenously derived drugs, but with the recent development and introduction of protein-based therapeutics like PCSK9i, urinary analysis will not be possible. These drugs undergo proteolytic degradation and will not be excreted renally (under normal conditions), and so biochemical non-adherence testing will need to be done for biomarkers in blood. On the other hand, these drugs are not widely prescribed and so their current influence in future adherence testing development is minimal.
Conclusion
Clinically, urinary screens are the most useful non-adherence tools currently available for cardiometabolic diseases. They routinely provide high accuracy measures for many drugs and are evidenced to incur good adherence in the real-world setting. Without exploring the relationship between drug pharmacokinetics and urine screens, true adherence found 
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Lane et al using biochemical testing will remain ambiguous for certain drugs. Furthermore, biochemical screens can only signify the end product of adherence behavior, and so multiple follow ups may be needed for long-term therapeutic drug monitoring. This review highlights that further research should be conducted to investigate other biological matrices and analytical methods for non-adherence testing, especially for blood, quantifications, and near-patient techniques. These offer huge promise but are not extensively developed. Longterm non-adherence outcomes in cardiometabolic disease found using biochemical testing should also be conducted, as most outcomes have been found by subjective and indirect methods.
